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SUMMARY 


Measurements of the time-averaged induced velocities were obtained 
for rotor tip speeds as great as 1,100 feet per second (tip Mach number 
of O. 98 ) and measurements of the instantaneous induced velocities were 
obtained for rotor tip speeds as great as $00 feet per second. The 
results indicate that the small effects on the wake with increasing 
Mach number are primarily due to the changes in rotor-load distribution 
resulting from changes in Mach number rather than to compressibility 
effects on the wake itself. No effect of tip Mach number on the instan- 
taneous velocities was observed. Under conditions for which the blade 
tip was operated at negative pitch angles, an erratic circulatory flow 
was observed. 


INTRODUCTION 


One possible means of increasing the forward speed and the lifting 
capacity of a helicopter rotor is to increase the rotor tip speed. The 
degree to which the tip speed can be increased is limited, however, by 
compressibility losses, increased noise levels, and the large fuselage 
down loads which accompany the increased downwash velocities. In order 
to evaluate these factors, several 10 -foot-diameter rotors have been 
tested in static thrust, and tip Mach numbers as high as 1 have been 
obtained. The performance and noise measurements obtained during these 
tests have been presented in references 1 and 2 . 

During the more recent tests, rakes of total-head and static- 
pressure tubes were used to study the time-averaged induced- velocity 
distribution in the rotor wake. These measurements were obtained 
throughout almost the entire range of the tests; that is, for disk 
loadings from 0 to 21.5 pounds per square foot and for tip speeds from 
500 feet per second to 1,100 feet per second. These data are presented 
herein and studied to indicate the trend of the effect of tip speed 
(and thus Mach number) on the induced-velocity distribution in the wake. 
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A few measurements of the instantaneous induced velocities in the 
wake were obtained by means of a single hot-wire anemometer at one 
location below the rotor. This instrument was used to obtain the root- 
mean-square value of the fluctuating components of induced velocity at 
tip speeds as high as 900 feet per second. lor a few conditions, the 
time-history shape of the induced-velocity pulses was also obtained. 
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Thrust 

rotor thrust coefficient, — ~ 

p*R 2 (ftR) 2 

rotor radius, ft 

radial distance from rotor axis, ft 
time, sec 

local induced velocity, positive upward, fps 

root-mean-square value of fluctuating components of local 
induced velocity, fps 

momentum- theory value of induced velocity, positive upward, 



vertical distance from rotor, positive upward, ft 
blade pitch angle at 0*75 blade radius, deg 

mass density of air, slugs/cu ft 
rotor rotational speed, radians/sec 


EQUIPMENT AND TEST3 


I 

E 


The 10-foot-diameter rotor employed in these tests had two blades 
mounted in a teetering or "see-saw" hub. Each blade (fig. 1(a)) had 
2:1 plan-form taper, linear washout of 12°, and NACA 0012 airfoil sec- 
tions. The rotor was tested on a whirlstand mounted in the Langley 
full-scale tunnel (fig. 1(b)). The rotor was mounted approximately 
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1.5 diameters above the wind-tunnel floor. The lips of the entrance 
cone, the nearest obstruction, were approximately 3 diameters from the 
rotor tips. The use of this wind tunnel provided both an available 
balance for thrust measurement and a large enclosed space free of extra- 
neous wind effects. 

Time -averaged induced velocities were measured by rakes of total- 
head and static-pressure tubes at two vertical distances (z/R = -0.145 
and z/R = -0.450) below the rotor. At each location, two rakes were 
provided; one with the tubes pointed upward in order to measure downwash 
velocities, and the other with the tubes pointed downward in order to 
measure upwash velocities. One pair of tubes was located at each of the 
following radial positions r/R: 
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The damping inherent in the combination of pressure tubes, manometer, 
and connecting tubing is sufficiently great to allow the assumption 
that the manometer readings will represent the time-averaged pressures. 

A constant-temperature hot-wire anemometer was installed at one 
position (z/R = -0.145, r/R =0.67) in order to measure the instanta- 
neous induced velocities. (See fig. l(c).) The hot-wire anemometer 
and its associated circuits are the same as those described in refer- 
ence 3* The circuits were arranged so that the root -mean- square value 
of the fluctuating components of velocity could be obtained. In addi- 
tion, the waveform could be displayed on the face of an oscilloscope 
and photographed. 

The hot wire itself was mounted so that, when the blade was directly 
above the wire, the length of the wire was parallel to the blade axis. 
Since a hot wire senses only those velocities normal to its length, the 
hot wire was insensitive to radial velocities during these tests. With 
the equipment used, which removes the average velocity from the hot-wire 
output, the hot wire, as usual, will measure essentially only the 



fluctuations of velocity in the direction of the main flow, provided 
that the main flow has a reasonably high velocity. If, however, the 
average velocity of the main flow is zero, the hot wire measures the 
fluctuations of the resultant of the horizontal and vertical velocities. 
At low speeds other than zero the hot wire will provide an unequally 
weighted average fluctuation. These effects are all inherent in the 
data to he presented since no corrections have been applied. 

The tests were conducted by running the rotor at specified tip 
speeds with the blade pitch locked. During the course of the tests the 
temperature was not constant and, consequently, the Mach number corre- 
sponding to a given tip speed varied slightly. The data in this paper 
are presented in terms of tip speed. The approximate Mach number to 
which the tip speed corresponds may be obtained by dividing the tip 
speed by 1 , 115 * 


RESULTS AND DISCUSSION 


Time-Averaged Induced Velocities 

Velocities at edge of wake .- As noted previously, upwash and down- 
wash velocities were measured on separate survey rakes with suitably 
oriented tubes. At certain points in the flow, notably near the edge 
of the wake, it was found that the two rakes simultaneously provided 
two entirely different values of induced velocity; one an upwash, the 
other a downwash. (See, for example, fig. 2.) 

The ambiguity of the measured velocities may be explained by con- 
sidering the characteristics of the pressure tubes in this flow, which 
fluctuates back and forth through zero velocity as the individual tip 
vortices pass along the edge of the wake. Each total -head tube senses 
the true total head only so long as it is pointed nearly directly toward 
the oncoming flow. When the flow is directed backward over the tube the 
pressure reading is small and spurious. Thus, in combination with the 
low response rate of the manometer, the upward- pointed tubes read an 
average of the flow for that portion of time during which the flow is 
directed downward, and, similarly, the downward-pointed tubes read an 
average only of the upward velocities. Unfortunately, the tubes are 
quite inaccurate in the presence of the relatively large sidewash veloc- 
ities which may exist as the wake vortices pass the tube. Thus, the 
survey measurements near the edge of the wake cannot simply be averaged 
to find the correct induced velocity. 

In the present paper, the induced- velocity data near the wake edge 
have been faired in the manner shown in figure 2. All readings which 
definitely indicated a flow in the incorrect direction for a particular 
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tube orientation have been eliminated. In view of the foregoing con- 
siderations, all faired data for locations at and outside the wake edge 
should be considered as indicating only the order of magnitude of the 
average velocities in this region. 

Effect of blade pitch angle .- Figures 3 and 4 present the nondimen- 
sional induced- velocity distribution in the rotor wake for various blade 
pitch angles. The trends shown are the same regardless of tip speed or 
vertical position in the wake. At the lowest pitch angle of 2°, the wake 
is somewhat narrower in diameter than at the other pitch angles, corre- 
sponding to the fact that for this case the blade tip is at a negative 
local pitch angle. At pitch angles of the order of 4° or 5 °j the wake 
is essentially uniform with a very sharp increase at the wake edges. At 
higher pitch angles the wake becomes increasingly nonuniform with the 
peak induced velocities near the outer edge of the wake. 

The character of the wake, as described above, is essentially that 
which would be indicated on the basis of the expected load distribution 
for these twisted and tapered blades. (See figs. 5 and 6.) 

Wake at near -zero lift .- The measured data for zero pitch (fig* 7) 
are worthy of some attention because of the implications for performance 
calculations when portions of the blade are at large positive pitch 
angles while others may be at significant negative pitch angles. In the 
present case, when the pitch at the 0. 75-radius point is zero, the local 
pitch at the blade tip is -3° and at the inboard cutout the blade pitch 
is about 7°. Thus, simple blade-element theory would predict downwash 
velocities at the inboard end of the blades and an upwash velocity at 
the blade tips. As shown by figure 7 this does not appear to be the 
case. Even though the measurement accuracy is very poor at these low 
velocities, it would appear that there is a mild upwash below the entire 
rotor. (Notice that the rotor lift is negative for this condition. For 
a rotor with positive lift, the measurements would correspond to a down- 
wash above the entire rotor.) 

It is evident that there must be large-scale distortions of the 
flow from that assumed in the theory, and that in consequence of these 
distortions, the ability of theory to predict the performance accurately 
under these conditions is questionable. Fortunately, in this case, the 
forces involved are so small that the errors in performance are of small 
magnitude. This, however, is not always true, as larger errors could be 
introduced in the case, for example, of the static-thrust performance of 
a very highly twisted propeller. This flow field at low lift will be 
discussed further in a subsequent section of this paper. 

Effect of tip Mach number .- Figures 8 and 9 show the effect of tip 
Mach number (tip speed) on the distribution of induced velocity in the 
rotor wake. The data indicate, in general, only small changes in the 
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nondime ns ional induced velocity with Mach number. These changes are 
usually confined to locations near the outer portion of the wake where 
the induced- velocity ratio, in general, shows a small increase. The 
increase in induced velocity is, of course, caused by the effect of Mach 
number on the lifting effectiveness of the outer part of the blades. 

This increased effectiveness, in turn, alters the rotor-disk-load dis- 
tribution. Thus it is the effect of Mach number on the disk-load dis- 
tribution, rather than any direct compressibility effect on the wake 
itself, which alters the induced- velocity distribution in the wake. 


Instantaneous Induced Velocities 

Root -mean- square velocity fluctuations .- Figures 10 and 11 present 
the results of the hot-wire anemometer measurements. It is immediately 
evident that for the range of variables covered, tip Mach number has a 
negligible effect on the root-mean-square value of the velocity pulses. 
The root-mean-square velocity fluctuation remains between 7 and- 14 per- 
cent of the local induced velocity for all bu~; the lowest blade pitch 
angles. (See fig. 10.) Even this small fluctuation in velocity is 
several t ime s that which can be credited to the bound vortices on the 
blades. Rough calculations, with the wake assumed to be in the shape 
of a spiral vortex, indicate that the strong vortices leaving the blade 
tips probably account for approximately two-thirds of the velocity fluc- 
tuation at this position. The entire procedure is, however, too crude 
in hovering (ref. 4) to elaborate on. 

Shape of velocity pulses .- A qualitative time history of the induced 
velocity in the wake was obtained by di splay i’ig the output of the hot- 
wire anemometer on an oscilloscope which was photographed with a special 
camera. As shown in figures 12 and 13, the shape of the time history of 
the induced-velocity ratio was essentially unaffected, except in period, 
by tip speed. These data further emphasize tne fact that tip speed has 
essentially no effect by itself on the wake of the rotor. 

Figure l4 shows the fluctuations in the velocities measured under 
the rotor at very low lift ^.75 = 2°^. Although some periodic com- 
ponents can be seen in the velocity trace, the major indication of fig- 
ure 14 is the randomness of the velocity fluctuations as compared with 
those of figures 12 and 13- Some indication of the magnitude of the 
observed fluctuations may be gained by noting that the induced-velocity 
scale of figure l4 has been compressed by a factor of 10 over the scales 
of figures 12 and 13 . Attempts to obtain similar data at zero pitch 
angle did not succeed because the velocities were so erratic that the 
signal could not be kept on the face of the oscilloscope tube. This is 
further indication that the flow, when the blade tip is at negative lift, 
departs so widely from the theoretical concepts that blade-element-theory 
calculations are probably of little value. 
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CONCLUDING REMARKS 


Data from a study of the induced velocities in the wake of a hovering 
rotor have heen presented for tip speeds as great as 1,100 feet per second 
(tip Mach number of 0 . 98 )* Small changes in the wake were observed as 
the tip Mach number was increased. These changes were apparently due 
to the effect of Mach number on the load distribution rather than to 
any direct effect of compressibility upon the wake itself. Hot-wire 
measurements of the instantaneous velocities at one point in the wake, 
for tip speeds as great as 900 feet per second, are also given. These 
data indicate that Mach number had essentially no effect on either the 
root -mean-square velocity fluctuations or the wave shape of the velocity 
pulses in the wake » 

At very low blade pitch angles, that is, at pitch angles for which 
the blade tip was operated at substantial negative lift, an erratic flow 
existed. The nature of this flow was such that the accuracy of blade- 
element theory under these conditions is doubtful. 


Langley Research Center, 

National Aeronautics and Space Administration, 
Langley Field, Va., March 8 , i 960 . 
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Figure 1.- Continued. 
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Figure 1.- Concluded. 
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(a) Calculated, z/P = 0. 
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(b) Measured, z/R = -0.145- 
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(c) Measured, z/R = -0.45. 

Figure 5-- Comparison of calculated induced-velocity distribution in the 
plane of the rotor with the induced velocities measured in the wake. 
OR = 500 fps. 
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Figure 8.- Effect of tip speed on indaced velocities in wake 

at z/R = -0.145- 
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One revolution 



(a) Tip speed of 500 fps. 



t 


(b) Tip speed of 750 fps. 


One revolution 
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(c) Tip speed of 800 fps. 

12.- Time history of normalized velocities in wake as measured 
with hot-wire anemometer. 0 = 10°; z/R = -0.1^5; r/R = O.67. 
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(c) Tip speed of 800 fps. 

Figure 14 .- Time history of normalized velocities in wake as measured 
with hot-wire anemometer. (Velocity scale compressed by factor 
of 10 as compared with figs. 12 and 13 •) 9 ^ = 2°; z/R = - 0 . 145 ; 

r/R =0.67. 


NASA - Langley Field, Va. 


L-83 6 


L-836 



